Effects of oxygen upon derepression of nitrogenase were studied in Klebsietla pneurnoniae, using oxyleghaemoglobin to supply and monitor very low dissolved 0, concentrations in a steady-state system. Expression of the nzjH gene was studied by using a nzjH::lac fusion strain, which also carried the Nif+ plasmid pRDl so that the production of active nitrogenase could also be monitored. When compared with anaerobic treatments, very low concentrations of dissolved 0, inhibited derepression of both nzm::lac and pRDl nif: Fifty percent inhibition of derepression occurred at 0.1 ~M -O , .
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Effects of oxygen upon derepression of nitrogenase were studied in Klebsietla pneurnoniae, using oxyleghaemoglobin to supply and monitor very low dissolved 0, concentrations in a steady-state system. Expression of the nzjH gene was studied by using a nzjH::lac fusion strain, which also carried the Nif+ plasmid pRDl so that the production of active nitrogenase could also be monitored. When compared with anaerobic treatments, very low concentrations of dissolved 0, inhibited derepression of both nzm::lac and pRDl nif: Fifty percent inhibition of derepression occurred at 0.1 ~M -O , .
The apparent K , of the dominant terminal oxidase was 0.08 pM-0,. These results suggest that there is a close relationship between the terminal respiratory system of these bacteria and the repression of nitrogenase by 0,.
I N T R O D U C T I O N
Nitrogen fixation by Klebsiella spp. is primarily associated with the anaerobic mode of metabolism, although nitrogenase can be produced and is active when 0, supply limits growth (Klucas, 1972; Hill, 1976; Bergersen & Turner, 1980) . Repression by 0, of synthesis of nitrogenase (the products of the structural genes nzmDK) in K. pneurno.niae was demonstrated by Eady et al. (1978) , when derepressed cultures were bubbled with either 5 % or 20% (v/v) 0,. Further work (Hill et al., 1981) showed that repression occurred with a dissolved oxygen tension of 0.25% (3 ~M -O J , but the lowest concentration needed to cause repression was not established.
Studies of 0, regulation of nifhave been facilitated by the fusion of the E . coli lac2 gene into the various transcriptional units of the nif gene cluster because expression from the various nif promoters results in an O,-stable product (P-galactosidase) (Dixon et al., 1980) . Such studies have revealed that a dissolved oxygen tension of 0-5 % inhibited derepression of nzj2!lDK but not of nzjZA transcriptional units (Dixon et al., 1980) and that the nzjZ gene product is involved as a negative effector in the 0,-regulatory mechanism specific to nitrogen fixation (Hill et al., 198 1) . Although strains carrying nif: ;lac fusions provide an easy way of measuring expression from nifpromoters, such strains are Nif-; therefore we have used a strain carrying the Nif+ plasmid pRD 1, as well as a nzflr: ;lac fusion.
In the present work we have used the technique of Bergersen & Turner (1979) , which employs the 0,-binding protein leghaemoglobin to supply and monitor very low dissolved 0, concentration, in order to determine the concentrations of 0, that inhibit derepression of nzmDK and prevent nitrogenase activity in vivo.
M E T H O D S
Media. Nutrient broth and nutrient agar were from Oxoid. NFDM medium was that of Cannon et al. (1974) . Where indicated, it included (NH,),SO, (10 mM), histidine (20 pg rnl-l), kanamycin (Km, 20 pg ml-I), Table 1 . The plasmid pRD 1, which carries the his-nif region of the K . pneumoniae chromosome, was transferred from E. coli strain JC5466 to UNF767 by conjugation (Dixon et al., 1976 ) on nutrient agar, followed by selection of transconjugants on NFDM plus NH: and kanamycin. Several transconjugant colonies were transferred to and maintained on NFDM plus NH: with minimal subculturing. In the course of the experiments, three different constructions were used, two prepared in Sussex and one in Canberra. In all respects they behaved similarly.
To ensure that subculturing and the experimental procedure did not produce an alteration or loss of pRD 1 in the transconjugant strain, cultures were checked, after final sampling, for His+ Nif+ phenotype and for transfer of these characters to another His-Nif-mutant K . pneumoniae strain (CK260). Diluted culture samples were plated on NFDM + NH: and, when grown, were replica plated either on to NFDM or on to lawns of lo7 cells of CK260 spread on the surfaces of 2 NFDM + Sm plates, one also containing NH:. Anaerobic growth was scored 3-4 d later. The former replica plating was performed after each experiment: for all data presented, the His+Nif+ phenotype of UNF767(pRD 1) was maintained. The latter replica plating ensured that his and nifwere transferable on pRD 1 to CK260: only CK260(pRD 1) transconjugants can grow on both plates, since UNF767(pRD 1) is SmS and CK260 is His+ and Nif-but Sm'. Transferability was tested periodically during these experiments, and once indicated the need to use a freshly constructed UNF767(pRDl) culture.
Cultures.
For derepression experiments, an overnight culture of UNF767(pRDl) was grown in NFDM + NH: (10 ml) at 30 OC in air. This was used to inoculate 100 ml NFDM + NH: in a Suba-Seal-capped Erlenmeyer flask (150 ml), and the culture was grown for 20 h at 30 OC under N, with shaking at 150 rev. min-I. Two 40 ml portions of the culture were transferred by syringe to N,-flushed, capped centrifuge tubes and the bacteria collected by centrifugation at 7500 g for 10 min. The pellets were kept under the supernatants at ice temperature, under N,. Just before each experiment the supernatants were removed and the bacteria resuspended in 5 or 10 ml degassed, ice-cold derepression medium. Portions (1.0 or 1.5 ml) were then transferred by syringe to the experimental vessels described below.
Derepression experiments. Anaerobic and 0 , treatments were run in parallel. For anaerobic treatments the bacterial suspension was injected at zero time into 100 ml Suba-Seal-capped Erlenmeyer flasks containing 16 ml NFDM or derepression medium, degassed by evacuation and filled with 1 atm N,. The flasks were shaken reciprocally at 150 excursions min-I at 30 OC in a water bath. Samples (2-0 ml) were withdrawn by argon-flushed syringes at intervals of approximately 1 h.
For 0, treatments the apparatus of Bergersen & Turner (1979) was used (Fig. 1) . The reaction chamber (approx. vol. 16.4 ml) equipped with a magnetic stirrer and water jacket (needed to maintain the chamber contents at 30 "C) was flushed with argon and filled completely with degassed NFDM or derepression medium. At zero time, 1.0 or 1.5 ml of bacterial suspension was injected into the chamber, and 0, was then immediately supplied t o the bacteria. This was achieved by pumping through the chamber air-saturated (240-267 ~M -O , at 25 OC, according to the barometric pressure) derepression medium, containing about 100 pi-oxyleghaemoglobin (Appleby & Bergersen, 1980) , at a pre-determined rate appropriate to maintain the desired free 0, concentration in the effluent. The degree of oxygenation (Y) of the leghaemoglobin (Lb) and the equilibrium concentration of free dissolved 0, in the emuent (assumed to be equal to that in the chamber) were calculated as before (Bergersen & Turner 1979) . The rates of consumption of 0, [nmol min-I (mg dry wt)-l] in the chamber were calculated from the difference in concentrations of free 0, and of oxyleghaemoglobin between the medium supplied and the effluent from the chamber (Bergersen & Turner 1979) . Samples (2-0 ml) of bacteria were withdrawn from the chamber at intervals of about 1 h, using argon-flushed syringes connected through the port (i,, Fig. 1 ) and closing tap (t). Removal of bacteria during sampling was taken into account when calculating rates of 0, consumption in the chamber. In most experiments steady levels of oxygenation of leghaemoglobin in the effluent were achieved within 15-20 min of zero time and were maintained for up to 6 h by adjusting flow rates slightly as required, especially following sampling. Data from a typical experiment are given in Table 2 .
Treatment of samples. Immediately following the collection of each sample, 0.5 ml was used for a nitrogenase assay. The balance was quickly chilled to 0-0.5 OC by delivery into a przchilled glass tube immersed in ice. bacteria in samples out Fig. 1 . A schematic diagram of the apparatus for steady 0, supply: r, reservoir of derepression medium containing leghaemoglobin and stirred in air at 25 OC; g, reaction chamber with water jacket (for design details see Bergersen & Turner, 1979) and magnetic stirrer, m; f, spectrophotometer flow cell; t, a stopcock; i,, an injection port. Samples containing leghaemoglobin were centrifuged at 0 OC and the bacteria resuspended in the same volume (1-5 ml) of cold derepression medium and kept on ice. At the end of the experiment, the samples were assayed for P-galactosidase activity (0.5 ml) and the balance was used t o determine absorbance at 600 nm and 700 nm.
Assays. Nitrogenase activity in samples from derepression experiments was assayed in capped small bottles (4.85 ml), filled with 5 % C,H, in argon. The samples of bacteria (0.5 ml) were injected and the bottle was shaken for 30 min at 30 OC. The reactions were stopped by injecting 0.2 ml 10% (w/v) trichloroacetic acid. Production of C,H, from C,H, was measured by gas chromatography (Turner & Gibson 1980) . P-galactosidase activity was measured, using 0.5 ml portions of samples, by the method described by Miller ( 1 9 7 2).
Leghaemoglobin concentrations were measured using the pyridine haemochrome method (Appleby & Bergersen, 1980) . Dry weights of bacteria present in samples were estimated using A,,, values and a standard curve prepared previously for K. pneurnoniae (Bergersen & Turner, 1980) .
R E S U L T S A N D D I S C U S S I O N
Nutritional requirements during derepression of nijH: : lac( pRD1)
Preliminary experiments utilized NFDM as the derepression medium (Dixon et al., 1980) ; however, when high rates of 0, supply were used in the chamber, the bacteria agglutinated into a brownish gel which adhered to the stirrer. This effect was minimized when sucrose was substituted for glucose and the MgSO,, Na,MoO, and FeSO,, which were supplied in a stock solution, were omitted. However MOO:-promotes derepression of P-galactosidase in another strain of K. pneumoniae containing a plasmid carrying nzw:: lac (Dixon et al., 1980) and this was found to be the case with UNF767(pRDl) also (Fig. 2) . Sucrose concentration also affected the rate of derepression (Fig. 2a) . These results led us to use derepression medium containing 1 % sucrose, 95 mwpotassium phosphate (as in NFDM) and 0.1 m~-Na,Moo,; in this medium derepression under anaerobic conditions was similar to that in NFDM, but agglutination of bacteria in the chamber was insignificant.
Time course of derepression of nijH: :lac with 0,
Low concentrations of 0, (0-02-0-06 p~) invariably stimulated the early stages of derepression, compared with anaerobic treatments, but later on, organisms from anaerobic treatments always had higher activity; data for a typical experiment are shown in Fig. 3 . With increased concentrations of O,, rates of derepression declined, reaching very low values at 2.6 p~-0, (Fig. 3) . Results of nitrogenase assays were completely parallel to results of P-galactosidase assays (Fig. 4) but, as found previously (Dixon et al., 1980) , the appearance of P-galactosidase activity preceded the appearance of nitrogenase activity by about 1 h (Figs.  294) .
Consumption of 0, and determination of apparent K ,
Steady-state rates of 0, consumption were calculated as shown in Table 2 . Data from experiments are illustrated in Table 3 and Fig. 5 . The individual values (Table 3) were obtained with acceptable precision, being based on up to 35 estimations during each steady state. The estimate of the apparent K , for 0, uptake of 0.08 p~ (Fig. 5 ) is very similar to that measured for another strain, K. pneumoniae strain 50231 (0.1 p~; Bergersen . The experimental design in the present investigation did not permit the study of induction of this terminal oxidase of moderately high affinity. However, the data for strain 5023 1 (Bergersen & Turner, 1980) suggest that this principal terminal oxidase is constitutive, since similar values for apparent K , were obtained from chemostat populations grown either anaerobically or at low concentrations of dissolved 0,. Hill et al. (198 1) reported that derepression of P-galactosidase was inhibited by a dissolved oxygen concentration of 0.5 % (6 ~M -O , )
0, Concentration and derepression
in strain UNF767 carrying pRD1. Our results show that even at an 0, concentration of 2.6 p~, very little derepression occurs in this strain (Fig.  4) . This concentration of 2.6 ~M -O , is much lower than the dissolved oxygen tension of 10 mmHg (16 ~M-O,) which allowed some nitrogenase synthesis in another species of Klebsiella (Klucas, 1972) . This suggests that there may be differences in the apparent sensitivities of the repression mechanism of nitrogenase synthesis in various Klebsiella species. Almost certainly there will be a gradient of 0, concentration between that in the medium, the value measured, and that at the site of nitrogenase synthesis within the cell. Thus the different Bergersen & Turner (1980) . apparent sensitivities to repression may reflect the magnitude of the 0, gradient in the different experimental systems used. Figure 6 shows the influence of dissolved 0, concentration on P-galactosidase activities during the various experiments, expressed as a percentage activity of parallel anaerobic treatments, all measured 5 h after removal of NH; and commencement of 0, treatment. It is clear that 50% inhibition of derepression was obtained at an 0, concentration close to the apparent K , of the constitutive principal terminal oxidase. At this 0, concentration sufficient 0, may penetrate the cell to interfere with nifgene expression. Alternatively, due to the fairly high affinity of the principal constitutive terminal oxidase for O,, the enzyme could act as a sensitive monitor for 0, Concentration. Inhibition of expression from the nzj7Y promoter, a process probably mediated through the nijL gene product (Hill et al., 1981) , could thus be triggered by the oxidized form of the terminal oxidase or some other oxidized component of the electron transport pathway.
